Purpose: This study evaluated the clinical relevance of the dual-targeting strategy involving PI3K/AKT/ mTOR and RAF/MEK/ERK pathways.
Introduction
The PI3K/AKT and RAS/RAF/MEK/ERK pathways are among the most frequently deregulated pathways in cancer thereby suggesting a key role in carcinogenesis. Aberrant activation of the PI3K/AKT pathway occurs in virtually every type of human malignancy through either activating mutations in PIK3CA, which encodes the catalytic p110a kinase subunit, or loss-of-function mutations, deletions, or promoter methylation silencing of PTEN (1), a negative regulator of phosphoinositide 3-kinase (PI3K). More rarely, an activating mutation of AKT1 or AKT3 leads to PI3K/PTENindependent pathway activation (2, 3) . Mutated oncogenic forms of RAS are found in approximately 15% of all cancers (4) , and deregulation of the RAF/MEK/ERK pathway by extracellular signal-regulated kinase (ERK) hyperactivation is seen in approximately 30% of all cancers (5) . In addition, activating BRAF mutations have been identified at a high frequency in melanoma (30%-60%), thyroid cancer (30%-50%), colorectal cancer (CRC; 5%-20%), and ovarian cancer ($30%; refs. 4, 6) . Although activating mutations in mitogen-activated protein (MAP)/ERK kinase (MEK) itself have not been identified in human cancers, MEK is thought to be an important drug target for treating human cancer because of its central role in the ERK pathway.
The PI3K/AKT and RAS/RAF/MEK/ERK pathways also interact extensively. Not only do these pathways share common inputs but also they can both be activated by oncogenic RAS and appear to provide some compensatory signaling when one or the other is inhibited. Recent findings have shown that when mTOR, a downstream target of AKT, is inhibited, PI3K can activate MAPK via RAS (7) . Frequent coactivation of these 2 pathways has also been seen in a number of different tumor types, including melanoma, prostate, and CRC (8, 9) . These results show further that these 2 pathways operate as a complex network and also provide the rationale for combining therapeutic agents that could simultaneously block both the pathways.
Preclinical studies provide a clear rationale for the coinhibition of these frequently activated, "semi-parallel" pathways. This includes strong evidence for: (i) cross-talk between RAF/MEK/ERK and PI3K/AKT signaling via an MEK/EGFR/PI3K feedback loop, (ii) oncogenic mutations that activate MEK/ERK signaling being associated with resistance to receptor tyrosine kinases inhibition, and (iii) PI3K pathway activation conferring resistance to MEK inhibition.
Horizontal (parallel) blockade or the combined use of inhibitors of multiple signaling pathways may also be important. Deregulation of the RAS/RAF/MEK pathway may be a key regulator in cancer cell resistance to PI3K inhibitors and suggests combined targeting of PI3K and MEK as an effective anticancer strategy (10) ; however, the clinical relevance of these findings needs to be evaluated. Therefore, we investigated the clinical effect of this horizontal blockade involving PI3K/AKT/mTOR and RAS/ MEK/ERK pathways in patients with advanced solid tumors.
Materials and Methods
We reviewed the electronic medical records of 1,558 consecutive patients treated in the Phase I Clinical Trials Program at the START (South Texas Accelerated Research Therapeutics) Center, in San Antonio, TX, from April 2007 through April 2011, and we assessed the safety, efficacy, and correlations between tumor genetic alterations and clinical benefit in 236 patients with advanced solid tumors treated in first-in-human phase I study drugs targeted to PI3K/AKT/ mTOR or/and RAS/MEK/ERK pathways. Data were collected from transcribed notes in the electronic database. Patient records were reviewed from the time of presentation in the phase I clinic.
Patients' eligibility and trial enrollment
Patients had pathologically confirmed solid malignancies refractory to standard therapy or for which no standard therapy existed. They were enrolled on specific clinical trials on the basis of the available results of tumor genetic alterations by comprehensive tumor genomic testing as well as logistical factors, including study availability and eligibility criteria. Patient demographic information, safety/toxicity data, and efficacy assessments were all collected prospectively as per individual clinical trial protocols. The formulation of the patient database and formal collection of data for the purpose of this study were conducted retrospectively. The patients were classified into 2 groups; single pathway inhibition group (S; received either PI3K/AKT/mTOR or RAS/MEK/ERK pathway inhibitor as a single-agent therapy) and dual pathway inhibition group (D; received PI3K/AKT/ mTOR pathway inhibitor and RAS/MEK/ERK pathway inhibitor as combination therapy). All studies were conducted in accordance with the guidelines of an Institutional Review Board.
Treatment and evaluation
All studies were conducted through standard procedures of first-in-human phase I clinical study in accordance with the Declaration of Helsinki (1964, amended in 2000) . Assessments, including history, physical examination, and laboratory evaluations, were conducted as specified in each protocol, typically before the initiation of therapy, weekly during the first cycle, and then, at a minimum, at the beginning of each new treatment cycle. The electronic medical records were reviewed for patient characteristics, adverse events related to investigational drugs during study periods, and clinical benefit (tumor response and/or stabilization). Patient characteristics included sex, age, Eastern Cooperative Oncology Group performance status at the beginning of treatment, tumor type, the number of previous therapies, and tumor genetic alterations, if available. Treatment continued until disease progression or unacceptable toxicity occurred. Treatment was carried out according to the specific requirements in each study protocol.
All drug-related adverse events and dose-limiting toxicities (DLT) were recorded and graded according to the National Cancer Institute-Common Toxicity Criteria
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(NCI-CTCAE; version 3.0/4.0). DLTs were defined toxicities related to study drug occurring during cycle 1 after administration of the first dose that met any of the specific criteria in each study protocol. The definition of DLTs differed slightly on each protocol. The DLTs in this study population were mostly nonhematologic, typically defined in phase I studies as any grade >III toxicity, except for nausea/vomiting/diarrhea that responds to maximal medical therapy. Serious adverse event was defined as any untoward medical occurrence that results in death, life-threatening, requires in-patients hospitalization or prolongation of existing hospitalization, and results in persistent or significant disability/incapacity.
Efficacy was assessed routinely by computed tomographic scanning and/or MRI at baseline before treatment initiation and then every 2 cycles (6-8 weeks) per each phase I study protocol. All radiographic studies were read in the Department of Radiology at South Texas Radiology Imaging Centers (STRIC) and reviewed by the START treating oncologists. In accordance with Response Evaluation Criteria in Solid Tumors (RECIST) version 1.0 or 1.1 (depending on study protocol), tumor responses were classified as complete response, partial response, stable disease, or progressive disease. A designation of response required confirmation after 4 to 8 weeks. To further assess activity of the different phase I treatment regimens, waterfall plot analyses (WPA) were also conducted in our study. The percentage change according to RECIST from baseline was evaluated at the time of best response. Average enlargement in tumor burden (AETB) was calculated as the sum in waterfall area under curve divided by the number of patients. In addition, the median enlargement in tumor burden (METB) was also calculated.
Tumor tissue samples and comprehensive tumor genomic testing
With patient's informed consent, and depending on the available amount of archived formalin-fixed paraffinembedded (FFPE) tumor tissues or fresh tumor tissue, comprehensive tumor genomic testing was conducted by DNA array-based comparative genomic hybridization (DNA array-CGH) and/or multiplex PCR mutation analysis through mutation screening panels.
DNA array-CGH
DNA array-CGH analysis of the tumor genome was conducted at Combimatrix Molecular Diagnostics (CMDX) using the DNAarray tumor profile for copy number change, a 3,039-probe whole genome bacterial artificial chromosome (BAC) microarray.
Multiplex mutation screening panels
Tumor genetic mutations were analyzed using the OncoCarta Panel v 1.0, a multigene panel with 19 key oncogenes and 238 mutations, via the MassARRAY System (Sequenom, Inc.). The MassARRAY System involves the following steps: multiplex PCR of gene exons of interest, primer extension reactions using IPLEX chemistry, and analysis of primer extension products by matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry. The MassARRAY system testing panels we used were also previously indeed validated with known positive controls for relevant oncogenic mutations.
Statistical considerations
Two-sided Fisher exact tests were used to compare safety result between the 2 treatment groups. Exact two-sided 95% confidence intervals (CI) were calculated for the disease control rate. Time to progression (TTP) was defined as the time interval from the start of therapy to the first observation of disease progression or death, whichever occurred first. These analyses were conducted without adjustments for multiple comparisons. All statistical analyses were conducted using SAS 9.2 (SAS Institute).
Results

Patient characteristics
Overall, the records of 1,558 consecutive patients were examined. Two hundred and thirty-six (15.1%) of the treated patients received first-in-human phase I study drugs targeted to PI3K/AKT/mTOR and/or RAS/MEK/ERK pathways. One hundred and thirty-eight (58%) patients were female, 98 (42%) were male, and the median age was 58.9 years (range, 18-90 years). One hundred and eighty-two (77%) were Caucasians, 46 (19%) Hispanic, 6 (3%) African-Americans, and 2 (1%) Asians. Fifty-six (24%) had CRC, 29 (12%) breast cancer, 24 (10%) soft tissue sarcomas, 17 (7%) pancreatic cancer, 16 (7%) melanoma, 12 (5%) neuroendocrine tumor, 11 (5%) ovarian cancer, and 8 (3%) prostate cancer. A variety of other tumors made up the rest of the patients (Table 1 ).
Treatments
Of the 236 patients in 11 first-in-human phase I clinical trials, 160 patients (68%) received either PI3K pathway inhibitors or MAPK pathway inhibitors as a single agent and 76 patients (32%) received a combination of a PI3K pathway inhibitor with a MAPK pathway inhibitor. One hundred and twenty-four patients (52%) received a singleagent PI3K pathway inhibitor (pan-class I PI3K, n ¼ 9; dual PI3K and mTORC1, n ¼ 41; AKT, n ¼ 33; p70S6K, n ¼ 15; and mTORC1, n ¼ 26), 36 patients (15%) received a singleagent MAPK pathway inhibitor (MEK1/2, n ¼ 14; and p38MAPK, n ¼ 22) and 76 patients (33%) received the combination therapy (AKT þ MEK1/2, n ¼ 45 and mTORC1 þ MEK1/2, n ¼ 31; Table 2 ).
Tolerability and safety
All 236 patients were available for evaluation of toxicities and had at least one adverse event. Overall, the most frequent drug-related grade >III adverse events were transaminase elevations, mucositis, and skin rash in both treatment groups. The rates of drug-related grade >III adverse events were 18.1% (29 of 160) for S group and 53.9% (41 of 76) for the D group (P < 0.001); the rates of DLTs were 9.4% (15 of 160) for S group and 18.4% (14 of 76) for the D group (P ¼ 0.06). Of the D group patients, 40 (52.6%) had grade III adverse events [mostly transaminase elevations (n ¼ 11) and mucositis (n ¼ 9)] and only 1 patient developed a grade IV adverse event (reversible thrombocytopenia), whereas 28 patients (17.5%) had grade III adverse events [mostly skin rash (n ¼ 7)] and 1 patient experienced grade IV reversible transaminase elevation in the S group. Seven D group patients had serious adverse events, including grade III mucositis (n ¼ 2), vomiting (n ¼ 2), diarrhea (n ¼ 1), nausea (n ¼ 1), cardiac arrhythmia (n ¼ 1), bacterial pneumonia (n ¼ 1), and grade IV thrombocytopenia (n ¼ 1); all events were deemed at least possibly related to treatment. A 61-yearold man with metastatic colon cancer treated with a combination of an AKT inhibitor and a MEK inhibitor had a grade III ventricular arrhythmia requiring hospitalization during the first course, and this event was considered to be a DLT. This patient had a history of both hypertension and cardiac arrhythmia (premature ventricular contractions and supraventricular tachycardia), but these cardiac arrhythmias were stable more than 2 years before enrollment in the study. Although the rates of study discontinuation due to drug-related adverse events were similar for both groups, dose interruptions and dose reductions due to adverse events were required for 19.4% and 16.9%, respectively, of patients in the S group and 48.7% and 39.5%, respectively, of patients in the D group. There were no treatment-related deaths in either treatment groups (Table 3) .
Comprehensive tumor genomic testing
One hundred and twenty of the 236 (51%) patients were tested for the presence of tumor genetic alterations by DNA array-CGH and/or multiplex PCR mutation screening panels. Of 120 patients, 106 patients (88%) had available results of tumor genetic alterations. PI3K pathway genetic alterations were detected in 19 of the 106 (18%) patients. In 19 patients, 13 homozygous PTEN deletions were detected (11 in 10q23 and 2 in 10q24), AKT amplifications were detected in 5 individuals (AKT2, n ¼ 4 and AKT3, n ¼ 1), and PIK3CA mutation (H1047R) was found in only one patient with breast cancer.
PTEN deletions were most frequent in CRC [5 of 13 patients (38%)]. PTEN deletions were also present in patients with neuroendocrine tumor (n ¼ 2), sarcoma (n ¼ 2), breast cancer (n ¼ 1), melanoma (n ¼ 1), merkel cell carcinoma (n ¼ 1), and ovarian cancer (n ¼ 1). AKT amplifications were present in CRC (n ¼ 2), breast cancer (n ¼ 1), chorangiocarcinoma (n ¼ 1), and thyroid cancer (n ¼ 1). Of 106 patients, RAS mutations were identified in 19 patients [KRAS, n ¼ 18 (G12A, n ¼ 1; G12C, n ¼ 1; G12D, n ¼ 6; G12V, n ¼ 5; G12S, n ¼ 2; and G13D, n ¼ 3) and HRAS (Q61R), n ¼ 1] and 5 BRAF exon 15 mutations (V600E) were identified in patients with melanomas (n ¼ 3), CRC (n ¼ 1), and thyroid cancer (n ¼ 1). Nine of the 19 (47%) patients with PI3K pathway genetic alterations harbored simultaneous KRAS or BRAF mutations (CRC, n ¼ 7; melanoma, n ¼ 2).
Antitumor activity
Of the 236 patients, 177 [75%; S, 70% (112 of 160); D, 85% (65 of 76)] patients were evaluable for response by RECIST. In the D group, 5 (7.7%) confirmed partial responses were observed, including 2 patients with melanoma, and one patient each with head and neck cancer, non-small cell lung cancer, and breast cancer.
A heavily treated male patient with breast cancer with AKT3 gene amplification treated with an mTOR inhibitor had a partial response with significant improvement in both bony and visceral diseases. This was paralleled by significant symptomatic benefit with reduction in pain from a right chest wall mass. A patient with an adenoid cystic carcinoma harboring an HRAS mutation who was treated with a combination of an MEK inhibitor and an mTOR inhibitor had a partial response with 60% tumor reduction in multiple pulmonary metastatic lesions (Fig. 1A and B ).
There were no significant differences in both tumor control rate (partial response þ stable disease) by best radiographic response for S versus D (52.7% and 64.6%, respectively; S: 95% CI, 43.5-61.7; D: 95% CI, 52.5-75.2; P ¼ 0.16) and rates of stable disease >6 months for S versus D (6.3% and 10.8%, respectively; S: 95% CI, 95% CI, 2.9-12.6; D: 95% CI, 5.0-20.9; P ¼ 0.39; Table 4 ). WPAs displayed AETB/METB: 19.9%/18.0% (S) and 9.5%/8.0% (D; AETB; S: 95% CI, 15.0-24.8; D: 95% CI, 2.5-14.2; P ¼ 0.02), and there was no obvious difference in efficacy between the patients with known activating tumor genetic alterations and tumor genetic alteration "negative" or "unknown" patients (Fig. 2) .
Of the 10 patients with a single PI3K pathway alteration, 2 patients with breast cancer were enrolled in clinical trials with a single PI3K/AKT/mTOR inhibitor. One patient with a PIK3CA mutation received an AKT inhibitor and the other patient with an AKT3 amplification was treated with an mTOR inhibitor. One patient had prolonged stable disease lasting for more than 66 weeks. Of the 15 patients with a single RAS/RAF mutation, 5 patients with colon cancer were enrolled in clinical trials with a single MEK1/2 inhibitor or p38MAPK inhibitor and all 5 patients had progressive disease (4 with radiological progressions and 1 with clinical progression). In comparison, all of the 9 patients with coactivation of PI3K/AKT and RAS/RAF/MEK pathways were enrolled in clinical trials that included single pathway inhibition or dual pathways inhibition. Of 9 patients with coactivation of PI3K/AKT and RAS/RAF/MEK pathways, all 5 patients treated with dual pathways inhibition had tumor regression/stabilization ranging from 2% to 64%, whereas all 4 patients treated with single pathway inhibition developed progressive diseases. Mean TTP in group S was 51 days and 151 days in group D (P ¼ 0.09). However, because of the small number of patients, this did not reach statistical significance. Duration of these responses were 12.7, 16.0, 17.2, 45.8, and 15.8 weeks (Table 5 ).
Discussion
The dual-targeting strategy involving PI3K/AKT/mTOR and RAF/MEK/ERK pathways is particularly intriguing as there is evidence that both pathways are extensively interconnected. Previous studies suggest that combined targeting of these pathways are necessary for optimal therapeutic activity (8, 10) . Although a fair number of combination phase I clinical trials currently have been initiated that use this strategy, the clinical impact of this parallel pathway blockade still remains unclear.
In the safety analysis of our study, along with the higher tendency of both dose interruptions and dose reductions due to adverse events in the D group, the rates of drugrelated grade >III adverse events were significantly higher in the D group than in the S group (53.9% vs. 18.1%, P < 0.001). Nevertheless, there was no statistical difference between the S group and the D group for the rates of DLTs (9.4% vs. 18.4%, P ¼ 0.06).
In the efficacy analysis, although WPAs showed that the percentages of both METB and AETB had smaller tendency in the D group than in the S group, WPAs with results of tumor genetic alterations showed that there was no obvious difference in efficacy between the patients with known activating tumor genetic alterations compared with those without tumor genetic alterations or for whom the result was unavailable. To assess the activity of different compounds, waterfall analysis may provide a potentially useful new efficacy metric. Given the fact that recent analyses of WPAs have been conducted mostly in phase II or large phase III studies, further validation studies focused on early phase I studies with heterogeneous patient populations are warranted. However, with the response rates being historically low in phase I studies, AETB and/or METB may offer a very preliminary indication as to potential efficacy differences between compounds. This novel type of analysis will require further study and validation.
There are several explanations that might point to the differences in both safety and efficacy in the 2 study arms. First, because this was a retrospective study and because entry criteria for phase I clinical trials are intentionally not overly restrictive, there was considerable heterogeneity in both the overall patient population and between the 2 study arms. For example, breast cancer was somewhat overrepresented in the S group, whereas pancreatic cancer was somewhat overrepresented in the D group. More importantly, there are significant differences in starting doses in singleagent phase I studies compared with combination phase I studies. In combination phase I studies, the maximum tolerated dose (MTD) of each single agent has generally already been defined and thus patients are treated closer to doses in the therapeutic range. On the other hand, doses generally are not escalated as high in combination studies due to greater degrees of toxicity.
For example, in this study, some patients with KRAS or BRAF mutant cancers received single-agent MAPK pathway inhibitors at doses significantly lower than the MTD or recommended phase II dose (RIIPD) of the respective agents. Indeed, most of the patients who responded to treatment in both groups received higher doses closer to the respective MTD and RPIID. Furthermore, the frequency of severe toxicities tended to occur at higher dose levels, especially in the combination treatment group. Because some of these studies are ongoing, the MTD has not been defined for all treatments. Thus, at the time of publication, these data could not be presented in a more quantitative fashion. One question that also arises is why some patients without any known tumor genetic alterations responded in each treatment group. It is possible that the tumor genomic testing procedures may not be sensitive enough and that some of these patients may have actually harbored pertinent tumor genetic alterations below the limits of detection for the specific test.
Furthermore, some of the study drugs may in fact have multiple mechanisms of action and/or may have inherent antitumor activity without necessarily requiring definable tumor genetic alterations.
Activation of the PI3K signaling pathway is frequently mediated by mutations in the p110a subunit of PI3K (PIK3CA), with most mutations (>80%) occurring either in exon 9, which codes for the helical domain, or exon 20, which codes for the kinase domain (11) . Preclinical studies suggested that PIK3CA mutations could predict response to PI3K inhibitors, although concomitant mutations in RAS (KRAS, NRAS) or BRAF might mediate resistance (12, 13) . A key aspect is whether or not the detection of additional mutations that might confer resistance would provide more predictive information. While the activation of both pathways is widespread across many solid and hematologic cancer types, the clearest markers of pathway activation are activating genetic lesions within components of the pathways. Frequent coactivation of the PI3K/AKT and RAS/ MEK/ERK pathways has also been seen in a number of different tumor types, including melanoma, prostate, and CRC (8, (13) (14) (15) (16) (17) (18) . Although several preclinical studies suggest that aberrations in the PI3K/AKT/mTOR and the MAP kinase pathway may coexist, only limited studies in patients have been undertaken and have mostly concentrated on CRC (11, 13, 14) . In this regard, a recent report also showed that PI3K pathway activation strongly influences the sensitivity of RAS mutant cells to MEK inhibitors. Activating mutations in PIK3CA reduce the sensitivity to MEK inhibition, whereas PTEN mutations seem to cause complete resistance (19) . In addition, dual inhibition of the PI3K/ AKT and RAF/MEK/ERK pathways also seems to be required for complete inhibition of the downstream mTOR effector pathway (19) .
Another recent report also suggested that patients with PIK3CA mutant CRC and a simultaneous KRAS mutation did not respond to PI3K/AKT/mTOR axis therapy (20) , which is in agreement with previous preclinical data suggesting that KRAS activation mediates resistance to PI3K inhibitors (12) . These recent findings and studies provide a strong rationale for the combination of PI3K and MEK inhibitors in cancers with coexisting PIK3CA and KRAS mutations (21) . Therefore, we also examined our patients for coexistence of the PI3K pathway genetic alteration with KRAS or BRAF mutations. In this study, 9 of the 19 (47%) patients with PI3K pathway genetic alterations had simultaneous KRAS or BRAF mutations (CRC, n ¼ 7; melanoma, n ¼ 2), which is consistent with previously published data (22, 23) . Of 9 patients with coactivation of both pathways, all 4 patients treated by single pathway inhibition showed tumor progression, whereas all 5 patients treated by dual pathway inhibitions had tumor regression/stabilization ranging from 2% to 64% by RECIST. This result suggests that this horizontal dual pathway targeting strategy may be important in patients with coexisting genetic alterations.
Interestingly, 2 melanoma patients with both BRAF V600E mutation and PTEN deletion treated with combination of MEK1/2 inhibitor and mTOR inhibitor remained on study longer than any of the other patients with BRAF V600E mutations who were on MEK1/2 inhibitor combination trials. There is some preclinical rationale which potentially explains this result. Resistance to the antiproliferative effects of RAF and MEK inhibition was observed in approximately 10% of BRAF V600E mutant melanoma cell lines, a fraction consistent with about 20% of patients who fail to derive any clinical benefit from the RAF inhibitor PLX4032 (24) . In these resistant cases, PTEN loss coexisted with BRAF V600E mutation. Recent preclinical data identified PTEN loss as one genetic event that abrogates the effects of ERK pathway inhibition in BRAF V600E tumors. The study of Dankort and colleagues showed the ability of BRAF V600E expression to cooperate with PTEN silencing in the genesis of metastatic melanoma (25) . Other recent data also showed that tumors with concurrent BRAF mutation and PTEN loss were typically dependent upon ERK signaling, but the nature of the dependence was altered by concurrent loss of PTEN. These data also suggest that tumors with concurrent BRAF
V600E
and PTEN/RB loss will be resistant to inhibitors of ERK signaling (26) . These data provide a rationale for combined targeting of the RAF/MEK and PI3K/mTOR pathways in the cohorts of patients with concurrent BRAF mutation and PTEN alteration. It is also anticipated that the ongoing Tumor Cancer Genome Atlas project in melanoma will define the frequency of co-occurrence with BRAF mutation and PTEN alteration in patients with previously untreated melanoma.
In conclusion, our preliminary results suggest that dual inhibition of PI3K/AKT/mTOR and RAS/RAF/MEK pathways may potentially exhibit favorable efficacy compared with single inhibition of either pathway alone, at the expense of greater toxicity. Furthermore, this parallel pathway targeting strategy may be especially important in patients with coexisting PI3K pathway genetic alterations and KRAS or BRAF mutations and suggests that molecular profiling and matching patients with combinations of these targeted drugs will need to be investigated in depth. These retrospective data, while not definitive, are certainly hypothesis generating and warrant further investigation in larger, appropriately designed prospective clinical trials, in which patients are assigned to treatments on the basis of comprehensive analyses of KRAS, BRAF, PIK3CA, and PTEN gene statuses. 
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